Disentangling the environmental and spatial drivers of biological communities across large scales increasingly challenges modern ecology in a rapidly changing world. Here, we investigate the hierarchical and trait-based organization of regional and local factors of zooplankton communities at a macroscale of 1240 mountain lakes and ponds spanning western North America (California, USA, to Yukon Territory, Canada). Variation partitioning was used to test the hypothesized importance of climate, connectivity, catchment features, and exotic sportfish to zooplankton betadiversity in the context of key functional traits (body size and reproductive dispersal potential) given the pronounced environmental heterogeneity (e.g. thermal gradients), topographic barriers, and legacy of stocked fish in mountainous regions. Dispersal limitation was inferred from multispecies patch connectivity estimates based on nearest and average distances to occupied patches. Environmental heterogeneity best explained community composition as catchment/lake features (morphometry, land cover, and lithology) collectively captured greater variation than did climate (temperature, precipitation, and solar radiation), local stocking, or connectivity; however, single climatic variables captured the most variation individually. Macrospatial variation by larger obligate sexual species was better explained than that by smaller cyclically parthenogenetic asexual species. Our results provide several novel insights into the macroecology of zooplankton of the North American Cordillera, demonstrating their stronger associations to climatically driven aquatic-terrestrial habitat coupling than dynamics arising from introduced salmonids, human land-use, or species dispersal. These findings highlight the clear and important role of these communities as bioindicators of the limnological impacts of accelerating rates of climate change, as their responses appear relatively not confounded by local human perturbations or dispersal limitation.
Introduction
A long-standing challenge faced by ecologists and conservation biologists has been to unravel the multiple sources of variation affecting the composition of biological communities (Whittaker 1960 , Anderson et al. 2011 , Legendre and De Cáceres 2013 . Here, covariance among environmental drivers often confounds ecological interpretations of observational data, especially when they are spatially structured or evaluated over large geographic extents (Dray et al. 2006 , Declerck et al. 2011 . However, identifying the hierarchy of factors driving compositional patterns necessitates that the scale of inquiry be sufficiently broad to capture important regional processes (Heino et al. 2015 , HenriquesSilva et al. 2016 . For instance, Soininen (2016) pointed to studies conducted over larger scales as better highlighting the role of spatial structures (e.g. dispersal limitation), but there have been relatively fewer studies of beta-diversity at macroscales (Pinel-Alloul et al. 1995 , Viana et al. 2016a , Heino et al. 2017a , Rocha et al. 2017 . Species' response traits should also be considered, as they mediate the effects of deterministic processes (e.g. environmental filtering and non-random dispersal; Kramer et al. 2008 , Farjalla et al. 2012 . Integration of critical environmental and spatial factors with trait-mediated species' responses is essential to filling scientific knowledge gaps concerning both natural community assembly and response to environmental changes (McGill et al. 2006 , De Bie et al. 2012 , Loewen and Vinebrooke 2016 .
Mountain ecosystems are fertile grounds to test fundamental hypotheses in macroecology and the biogeographic origins of species diversity patterns (Fjeldså et al. 2012 , Lyons and Vinebrooke 2016 , Liu et al. 2018 ). Environmental heterogeneity is pronounced in mountain regions, as climatic shifts along elevational gradients amplify spatial variations in temperature, precipitation, solar radiation, and regional land cover characteristics. For instance, alpine ecosystems are frequently compared to those in the arctic on the basis of their biological and environmental similarities (Billings 1973) , and both are projected to experience increasingly rapid climate change (Bradley et al. 2004 , Pepin et al. 2015 . The distinctive topographic complexities of mountain regions may also impede biological connectivity, with the potential implication of reducing propagule pressure and the ability for species to reach and colonize novel habitats (Dong et al. 2016) . However, barring the existence of impermeable dispersal barriers, the alpine environment may provide critical climate change refugia for organisms forced from lower elevation habitats by increasing temperatures (Redmond et al. 2018) . Further, mountains are the source of headwaters and often exist in remote or protected areas, providing unique opportunities for detecting subtle effects of regional drivers not blurred by the confounding impacts of more pronounced local perturbations (e.g. human land-use; Kollmair et al. 2005) . Mountain regions may therefore offer several important and novel insights concerning the generality of macroecological patterns and likely consequences of future global change.
Zooplankton are useful model organisms in ecology because they disperse widely, have central roles in aquatic food webs, and reproduce rapidly -making them responsive to environmental variation (Lampert 2006 , Jeppesen et al. 2011 . As chief herbivores of the pelagic zone, zooplankton both regulate primary production and support higher aquatic organisms, including planktivorous fish and insect larvae. Passive overland dispersal by wind and animal vectors maintains connectivity among isolated habitats (Vanschoenwinkel et al. 2008) , especially along major migratory routes such as the Pacific Flyway over western North America (Viana et al. 2016b) . Given sufficient time, chance dispersal should permit zooplankton species sorting over vast geographic extents (Lyons and Vinebrooke 2016, Heino et al. 2017a ); however, species may be differentially affected by dispersal limitation based on their functional traits. For instance, species capable of cyclic parthenogenesis (i.e. asexual reproduction) may experience reduced Allee effects (i.e. mate limitation) compared to obligate sexual species colonizing novel habitats (Kramer et al. 2008 , Henriques-Silva et al. 2016 ). Species' traits should similarly mediate the effects of environmental change, for instance smaller individuals may be less susceptible to impacts from invasive species, such as size selective predation, and other anthropogenic stressors (Odum 1985, Loewen and . Body size distribution should be particularly responsive to climatic warming, as higher temperatures are predicted to favour smaller organisms that experience proportionally less metabolic costs (Brown et al. 2004) .
Lake communities are geographically discrete and effective integrators of local catchment and broader atmospheric processes, positioning them well for studying spatial processes and as sentinels of global change (Hortal et al. 2014 , Jackson et al. 2016 . For example, climate factors and terrestrial subsidies regulate energy and mass inputs to aquatic food webs, respectively (Juday 1940 , Leavitt et al. 2009 ). Freshwater communities are further influenced by terrestrial landscape characteristics, which mediate local hydrology and water chemistry (Likens and Bormann 1974 , Hudson et al. 2003 , Camarero et al. 2009 ), and movement of potentially invasive species, including globally introduced predatory salmonids (Crawford and Muir 2008, Loewen and . Environmental heterogeneities and species' dispersal dynamics may simultaneously drive community composition patterns across lake communities (Heino et al. 2015) , complicating the separation of their joint effects. A possible solution is to infer dispersal directly from multispecies patch connectivity estimates that consider the biological similarities among sites (Monteiro et al. 2017) , rather than traditional graph-based proxies that do not account for the observed distributions of occupied patches (Heino et al. 2017b) . While patch-species-specific connectivity metrics have a long precedent of use in the metapopulation literature (Hanski and Singer 2001) , they have only recently been applied to reveal dispersal limitation in a community context (Monteiro et al. 2017) .
We examined zooplankton communities across the North American Cordillera to capture and explain a hierarchy of macroecological patterns in their beta-diversity (defined here as total variance in community composition; Legendre and De Cáceres 2013) . Based on metabolic theory as it applies to species diversity (Brown et al. 2004) , and the pronounced climatic gradients observed in mountain regions, we hypothesized that temperature along with precipitation would be the primary drivers of beta-diversity. In addition, we expected that spatially structured catchment features would account for a significant fraction of the residual variation in community composition not captured by climate, given the high degree of natural environmental heterogeneity characterizing our study region. Localized stocking of mountain lakes with sportfish (Crawford and Muir 2008) was also expected to help explain zooplankton variation owing to intensive size-selective predation (Loewen and Vinebrooke 2016) . Further, since many mountain lakes are remote and insular because of large topographic barriers (Lyons and Vinebrooke 2016) , we hypothesized that habitat connectivity would explain a substantial portion of beta-diversity attributable to species dispersal limitation. Thus, we applied a functional approach to explore the roles of key species' traits (body size and reproductive potential) in explaining community composition patterns in the context of hypothesized ecological mechanisms involving metabolic theory, predation, and dispersal limitation. Here, our main goal was to generate insights into the macroecology of mountain zooplankton in an effort to substantiate how their lakes serve as sentinels and integrators of the future impacts of rapid climate change (Williamson et al. 2009 ).
Material and methods

Study area and zooplankton data
Crustacean zooplankton communities were assessed for 1240 mountain lakes and ponds along the North American Cordillera, from the Sierra Nevada in California to the Mackenzie Mountains in the Yukon Territory, Canada (Fig. 1) . Sampling locations span continental-scale latitudinal (29.6° or 3292 km), longitudinal (17.7° or 1585 km), and elevational (0-3741 m a.s.l.) gradients set across a range of coastal montane to high alpine subregions. This broad sampling of water bodies captured the wide array of environmental conditions and resident species characterizing North American mountain lakes. Historical data were obtained following an extensive review of available literature. Data sources included 30 published articles, 32 government reports, and results from previously unpublished surveys (see Supplementary material Appendix 1 for data sources). Site-specific species data are cumulative records of all occurrences over a sampling period spanning approximately 90 yr, though the vast majority of samples were obtained since the 1970s (Supplementary material Appendix 1 Fig. A1 ). Samples were generally collected following a standard protocol for evaluating pelagic zooplankton communities during the open-water season (May-September). Zooplankton were collected by pulling conical nets (63-100 µm mesh-sizes) through the water column, either vertically from near the center of the lake or horizontally from the shore, depending on depth. Samples were preserved with ethanol or dilute formalin solution and later enumerated by stereoscopic microscopy. Species-level records were standardized to follow taxonomy established by Edmondson (1959) , with updates. Species occurring in fewer than 2% of sites (n < 25) were excluded from analyses because records of rare species were deemed less reliable and common species are generally sufficient to describe turnover in aquatic metacommunities Soininen 2010, Sigueira et al. 2012) . Fortyeight species were evaluated and assigned categorical traits based on their reproductive biology and body size (Table 1) . Reproductive categories represent a major functional division between the cyclically parthenogenetic asexual cladoceran and obligate sexual copepod zooplankton. Body size classifications (small or large) were based on a natural break in the distribution of species body lengths between 1.05 and 1.16 mm (see Supplementary material Appendix 1 for data handling details).
Environmental variables
Sets of environmental predictors, including climate, catchment/lake conditions, and introduced fish status, were estimated at each sampling location (Table 2 ). Climate predictors included mean incoming solar radiation (estimated over the open-water season based on geographic positions, local topography, and fifty year-mean cloud cover) and fifty year-mean annual total precipitation and annual mean air temperature. Catchment/lake predictors included morphometry and proportional land cover (ca 2000-2001) and lithology (ca 2004). Climate and catchment/lake variables were derived using ArcGIS FOR DESKTOP 10.5.0.6491 (see Supplementary material Appendix 2 for detailed methods and data sources). Digital elevation maps (< 30 m resolution) and surface water locations (1:24 000 scale) were used to identify lake polygons and estimate their watersheds. Catchment and lake boundaries were then used to overlay grids of relevant environmental attributes and calculate zonal summaries. Variables were natural log-transformed to increase linearity where doing so improved model fit, and standardized (i.e. centered and scaled) to account for differing measurement units. Fish introduction status was estimated at each water body following a review of historical salmonid stocking and occurrence records (see Supplementary material Appendix 3 for data sources). A potential for zooplankton to be affected by introduced fish was assumed where records indicated stocking efforts prior to zooplankton sampling or observed presence of exotic species. Absence of exotic fish was implicit for lakes lacking any historical account of fish introduction, but does not reject possible occurrence of native species. Estimated fish introduction status at the time of zooplankton sampling was treated as a binary variable (present or absent). Table 1 . Zooplankton functional trait classifications, with estimated body lengths (mm) followed by total number of occurrences in brackets.
Traits
Asexual (n = 27) Sexual (n = 21)
Spatial variables
Sets of spatial predictors, including spatial correlation (space) and patch connectivity, were estimated at each sampling location. Positive spatial correlation was modelled using distance-based Moran's eigenvector maps (dbMEMs), which were derived from a matrix of minimum planar distances between lake polygons (Dray et al. 2006 (Dray et al. , 2017 . Neighbourhood connections were truncated by the largest distance in a minimum spanning tree (290 189 m), corresponding to biologically relevant dispersal distances estimated for zooplankton eggs transported by migratory waterfowl (Viana et al. 2016a, b) . Patch connectivity was modelled by two multispecies metrics, distance to the nearest occupied lake and average connectivity (Hanski and Singer 2001) , computed by combining single species estimates using functions from Monteiro et al. (2017) . Average connectivity summarizes dispersal probabilities at each lake based on the distances to all other occupied lakes, calculated as:
where c is the connectivity value for the kth species at lake i, o is the occupancy state (present = 1 or absent = 0) of species k at lake j, d is the minimum planar distance between lake polygons i and j, and α is a constant controlling the exponential dispersal kernel. An iterative procedure was used to select single α values for the overall community and each functional group that maximized total community variation explained by c (Monteiro et al. 2017) . We tested 100 values of α between the minimum (1 m) and maximum (3 482 204 m) distances between lake polygons. Distances between lakes were estimated in metres using a Transverse Mercator projection centered over the study area, and scaled down by a factor of 10 000 to permit dispersal calculations.
Statistical analyses
Variation in community composition linked to environmental and spatial predictors was assessed by transformation-based redundancy analysis (tbRDA) and variation partitioning of Hellinger-transformed species presence-absence data (Peres-Neto et al. 2006 , Legendre and De Cáceres 2013 , Monteiro et al. 2017 . Parsimonious environmental and spatial correlation models were obtained by partial tbRDA and automatic forward stepwise selection ('ordiR2step' function), using permutation tests (with 100 000 iterations) to find statistically significant explanatory variables that maximized explained variation (i.e. adjusted R 2 ; Oksanen et al. 2017 ). Model building followed stopping criteria by Blanchet et al. 2008 , where after confirming the significance of a global test, variables were selected to maximize adjusted R 2 until either the adjusted R 2 began to decease or exceed the scope of the global model, or the calculated p-value exceeded a threshold of 0.05. Forward selection was also used to obtain optimal climate and catchment/lake predictor sets (see Supplementary material Appendix 4 Table A2 for final environmental models).
Following model selection, fractions of variation linked to environmental and spatial variables were evaluated by variation partitioning analyses. First, the relative importance of each specific set of environmental predictors (climate, catchment/lake, and introduced fish) was compared with each other, controlling for spatial correlations (i.e. calculating semipartial R 2 ). Then, the total and unique fractions of variation attributable to individual environmental variables (e.g. solar radiation and separate land cover classes) were estimated, controlling for the remaining selected environmental variables and spatial correlations. Finally, we assessed the spatial component of variation in greater detail, comparing spatial correlation (space), patch connectivity, and environmental components. These analyses tested our hypotheses about the hierarchy of macroecological processes operating in mountain zooplankton communities and their sensitivity to local and regional stressors. Analyses were repeated for reproductive potential (sexual copepods vs asexual cladocerans) and body size (small vs large) functional groups to evaluate the mediating effects of key species' traits linked to metabolism, predation, and dispersal limitation. A Fisher's exact test was used to confirm that the traits were sufficiently orthogonal (p = 0.14). All analyses were conducted using R 3.3.2 (R Development Core Team; see Supplementary material Appendix 4 for statistical details).
As a quantitative synthesis of multiple historical data sources, there exists potential for our results to reflect biases among individual sampling locations or studies. To evaluate the extent to which our interpretations may be confounded by variations in sampling effort, sampling year, or data source (i.e. research group or taxonomist), we conducted a series of sensitivity analyses. Results of these analyses point to differences in the geographic distribution of sampling locations over time, leading to some conflation between regional variance in environmental models and potential temporal change. Though our study is correlative, and thus not immune to possibly spurious associations, our sensitivity analyses show that our findings are generally robust and support our core interpretations (see Supplementary material Appendix 5 for details). Additionally, a brief discussion of local water chemistry conditions and their stability over time is presented in Supplementary material Appendix 6.
Data deposition
Data available from the Dryad Digital Repository: < https:// doi.org/10.5061/dryad.mr00v92> (Loewen et al. 2018) .
Results
Analysis of environmental predictor sets, controlling for spatial correlation, showed that zooplankton composition was more influenced by local catchment/lake features than climate or fish introduction (Fig. 2a) . Each environmental predictor set was highly significant, but most variation was linked to spatial correlation (Supplementary material Appendix 4 Table A1 ). For instance, covariation among climate, catchment/lake features, and space accounted for the largest fraction of explained variation overall (Fig. 2a) and among most trait groups (Fig. 2b) . In contrast, fish introduction explained relatively little variation compared to the catchment/lake and climate predictor sets (Fig. 2) .
Climatic factors explained community composition the most individually; however, the relative ranking of predictors varied based on functional traits (Fig. 3) . For instance, air temperature explained more total variation for larger (7.70%) than smaller species (5.13%), although semipartials were similar as most variance was spatially structured. Likewise, the land cover transition from generally high elevation barren lands to lower montane coniferous forests was important for larger species (7.01 and 6.02% total variation, respectively), while smaller species had stronger total associations with mixed forests (3.79%), grasslands (3.05%), and wetlands (2.27%; Fig. 3 ). Mixed sedimentary and nonacidic volcanic lithologies also explained relatively large amounts of total variation, especially for larger (5.87 and 4.68%, respectively) and obligate sexual species (5.28 and 4.52%, respectively; Fig. 3 ). Among morphometric features, lake area made notable contributions to the total variation of smaller (3.83%) and asexual species (3.50%; Fig. 3 ). Total variation attributable to introduced fish was of relatively low importance; however, fish effects were generally less spatially correlated than other predictors and thus variation uniquely linked to fish was comparably high and exceeded that of any single catchment/lake variable (Fig. 3) . Fish effects also varied marginally between trait groups as total and unique fractions of variation were greater for larger (2.31 and 0.23%, respectively) than smaller species (1.69 and 0.19%, respectively; Fig. 3 ). Total variation linked to fish was also marginally greater for asexual (2.05%) than sexual species (1.54 %); however, fish effects on asexual species were more spatially correlated, confounding the association (Fig. 3) .
Connectivity explained less total community variation (15.15%) than the environment (20.33%) or spatial correlation (22.30%) predictor sets (Fig. 4a ). Connectivity and space, which were both based on distances between lakes, covaried among themselves and with environment (Fig. 4a); however, community variation uniquely attributable to connectivity was relatively low (0.59%) compared to that of the environment (4.43%). The fractions of variation potentially attributable to dispersal limitation (i.e. unique variation linked to connectivity in addition to that uniquely shared with space) were greatest for obligate sexual (3.55%) and larger species (3.25%; Fig. 4b) .
Overall, the predictive variables better explained variation among obligate sexual (copepod) and larger species than asexual (cladoceran) and smaller species. For instance, spatial correlations explained 27.54 and 28.16% of total community Figure 2 . Total, unique, and shared fractions of variation in community composition (adjusted R 2 ) attributable to climate (Cli), catchment/ lake (Cat), fish introduction (Fis), and spatial correlation (Spa) predictor sets for the (a) overall community (n overall = 1240) and (b) functional trait groups (n sexual = 1165, n asexual = 1120, n large = 1127, and n small = 1133). Res refers to model residuals. variation (5.91 and 5.73% unique) for sexual and large species, respectively, compared to 18.66 and 21.90% of total variation (4.18 and 4.97% unique) for asexual and small species (Supplementary material Appendix 4 Table A3 ).
Similarly, environmental variables captured 25.47 and 20.05% of total variation (5.27 and 4.15% unique) for largeand small-bodied species, compared to 23.64 and 18.05% total (4.25 and 4.46% unique) for sexual and asexual species. Figure 3 . Total, unique, and shared fractions of variation in community composition (adjusted R 2 ) attributable to individual environmental variables for the overall community (n overall = 1240) and functional trait groups (n sexual = 1165, n asexual = 1120, n large = 1127, and n small = 1133). Estimates of unique variation are semipartial R 2 values (conditioned by the remaining environmental variables and spatial correlations). Orange shaded variables are climate factors, blue shaded variables are catchment/lake factors, and the pink shaded variable is fish introduction.
The ranked total importance of explanatory matrices was the same across trait groups (i.e. space > environment > connectivity; Fig. 4b ).
Discussion
Our macroscale analysis of mountain zooplankton communities across the western edge of North America generated three key insights into their ecology as bioindicators of environmental change. Most importantly, our hypothesis that biological connectivity would be a primary determinant of beta-diversity was not supported, despite the topographical complexity of the study area (Fig. 4) . As a corollary, dispersal limitation is not expected to greatly constrain future responses to environmental change for many species. Secondly, our hypotheses of the pronounced climatic and environmental heterogeneity of mountains regions being main factors of community composition were supported as temperature and precipitation best explained beta-diversity individually, while catchment/lake features captured more variance collectively (Fig. 2 and 3) . These findings highlight the potential sensitivities of mountain lake communities to cross-scale interactions involving regional climatic variables and local aquatic-terrestrial habitat coupling (Graham et al. 2006) . Thirdly, our findings revealed that introductions of sportfish were of surprisingly minor importance to broad scale beta-diversity patterns in mountain regions of western North America, despite the considerable local impacts observed in several cases (Knapp et al. 2001) . Together with the negligible role of human land-use, these results suggest that current local perturbations are unlikely to significantly confound community responses to future climate-landscape interactions in many mountain lakes. Possible explanations for differences in the macrospatial variation observed between larger obligate sexual species and smaller cyclically parthenogenetic asexual species involve aspects of metabolic theory, dispersal limitation, and size-selective predation.
Zooplankton passively disperse between isolated lake habitats by wind and animal vectors (Vanschoenwinkel et al. 2008 , Viana et al. 2016b . Because zooplankton dispersal rates are challenging to measure directly, we estimated community dispersal dynamics using biological connectivity estimates derived from common metapopulation metrics (Hanski and Singer 2001, Monteiro et al. 2017) . We found that connectivity covaried strongly with spatial correlation, but explained less compositional variance (Fig. 4) . Our results show the use of species-patch-specific proxies for dispersal based on biological similarities, as opposed to traditional space-for-dispersal substitution, as the later would have overestimated the importance of movement by species among sites. Our work is the first to evaluate patch connectivity for entire communities at a macroscale, and thus offers fresh insights into the dynamics of passively dispersing organisms. We found that connectivity (unique fraction and that shared with space) explained less community variation than environmental heterogeneity (either spatialized or non-spatialized fractions), suggesting that zooplankton are relatively unconstrained by dispersal limitation compared to other environmental drivers of species composition at macroscales (Fig. 4) . Despite this clear result, the large proportion of variation shared between spatial and environmental variables points to a need for further refinement of spatiallyconstrained null models (Clappe et al. 2018) , to incorporate multiple explanatory matrices and separate competing sources of spatial structure, including spurious correlations. Taking relevant organismal trait considerations into account (Heino et al. 2017b) , we discovered that variation attributable to connectivity was greatest for larger and obligate sexual species (Fig. 4b) , demonstrating that zooplankton dispersal is non-random, and supporting past studies that have identified size-selective passive dispersal limitation (De Bie et al. 2012) and the potential for Allee effects to constrain colonization ) attributable to environment (Env), spatial correlation (Spa), and biological connectivity (Con) predictor sets for the (a) overall community (n overall = 1240) and (b) functional trait groups (n sexual = 1165, n asexual = 1120, n large = 1127, and n small = 1133). Res refers to model residuals.
by obligate sexual copepods (Kramer et al. 2008 , HenriquesSilva et al. 2016 .
Previous studies have demonstrated macroecological patterns related to temperature and solar radiation (PinelAlloul et al. 2013 , Lyons and Vinebrooke 2016 , Rocha et al. 2017 ; however, the observed importance of precipitation driving planktonic beta-diversity across mountain lakes is much less appreciated (but see phytoplankton response from Parker et al. 2008) . Precipitation regimes interact with regional landscape characteristics, shaping local hydrology, alkalinity, and inputs of heavy metals, dissolved organic carbon, and suspended solids, influencing water clarity and productivity (Hudson et al. 2003) . Across our study region, lake catchments received the most precipitation during winter months (November-February; data not shown), when precipitation falls as snow. The total volume of accumulated winter snowpack subsequently dictates critical hydrological conditions during ice-out. For instance, low winter snow accumulation may lead to reduced water levels or desiccation in smaller temporary ponds, while high rates of runoff from large snowpack may disrupt biota in mountain lakes (Girdner and Larson 1995) . The relatively large proportions of community variation attributable to temperature, solar radiation, and precipitation underscore the vulnerability of mountain zooplankton communities to climate change, which may be compounded by climate-mediated changes to other more local environmental variables, such as land cover alteration or enhanced predation rates by exotic fishes (Messner et al. 2013, Symons and Shurin 2016) .
Environmental heterogeneity from catchment/lake features captured the majority of the explained compositional variance in our study system, demonstrating the magnitude of aquatic-terrestrial habitat coupling and likely importance of cross-scale interactions with broader climatic variables in mountain lake communities. Terrestrial influences on aquatic ecosystems include direct energy and mass subsidies (Juday 1940 , Leavitt et al. 2009 ) in addition to indirect effects of catchment morphometry, lithology, and land cover on local hydrological and water quality conditions (D'Arcy and Carignan 1997, Camarero et al. 2009 ). Here, catchment morphometry (especially slope) dictates local water residence time and flow rates, as well as the transport of various dissolved and particulate substances (including carbon, phosphorous, and nitrogen; Likens and Bormann 1974, D'Arcy and Carignan 1997) . Similarly, groundwater inputs to mountain lakes are affected by catchment lithology, which influences their conductivity, alkalinity, and concentrations of heavy metals (Marchetto et al. 1995 , Camarero et al. 2009 ). For instance, weathering of highly soluble carbonate and mixed sedimentary rocks is a major contributor to elevated pH and total alkalinity in alpine waters (Camarero et al. 2009 ). Allochthonous (i.e. terrestrially-derived) inputs, which vary with land cover, subsidize aquatic food webs and further alter water chemistry (Likens and Bormann 1974, Rose et al. 2009) . A natural transition from coniferous/mixedwood forest to barren lands occurs with increasing elevation in mountain regions, and may contribute to greater transparency and reduced organic carbon concentrations in alpine lakes (Rose et al. 2009 ). While topography and surficial geology are inherently stable, land cover types such as forests, wetlands, and perennial snow and ice (i.e. glaciers) are likely sensitive to interactions with temperature and precipitation. For example, glaciers are projected to decrease by 90% by 2100 in the Canadian Rocky Mountains (Clarke et al. 2015) , and to disappear in the USA by 2030 (Hall and Fagre 2003) , because of anthropogenic climate warming. Aquatic habitat associations with these sensitive land cover types is critical, as their influence on the loading of suspended sediments and dissolved nutrients into freshwater ecosystems will have implications for future water quality and productivity (D'Arcy and Carignan 1997, Graham et al. 2006 , Vinebrooke et al. 2010 .
With the exception of stocking histories, environmental models were based on climate and catchment/lake features estimated using a geographic information system, providing an efficient means of evaluating environmental heterogeneity across a vast spatial extent. We found that in the subset of lakes where data were available, our temporally integrative environmental predictors successfully captured community variation linked to local water quality (i.e. surface temperature, electrical conductivity, pH, total phosphorous, and total nitrogen; Supplementary material Appendix 6; Table A8-A17). For instance, mean total phosphorous concentrations ranged from 0.001-0.140 mg l -1 (median = 0.006 mg l -1 ), indicating generally oligotrophic (but occasionally eutrophic) conditions, that explained about 1.76 % of total variation in community composition (Supplementary material Appendix 6 Table A15 ). However, our environmental model also captured over 96% of the variation attributable to total phosphorous concentrations. Despite some potentially minor regional land cover changes over time, local water quality measurements also indicated that environmental conditions have not changed significantly over the course of our study (Supplementary material Appendix 6 Fig. A2-A6 , Table A18 ). Given the comparative isolation of mountain lakes from human activities, the spatial structure of their water chemistry may be highly stable, as recently reported for European headwater streams (Abbott et al. 2018) .
Salmonid introductions have impacted freshwater ecosystems globally (Crawford and Muir 2008) . In western North America, stocking programs have spread native fish species (e.g. Oncorhynchus clarkii and O. mykiss) outside of their historical ranges and introduced exotic species that had previously not occurred (e.g. Salvelinus fontinalis and Salmo trutta) -often into historically fishless lakes where native biota were maladapted to the alien predators (Knapp et al. 2001) . We found that fish introductions were of less consequence to broad scale beta-diversity than anticipated (Fig. 3) , possibly because their effects were confounded by differences between stocking programs (e.g. species or density stocked), overlapping distributions of native fishes, rescue effects from regionally dispersing species, or environmental context. For instance, recent evidence suggests that the long-term effects of fish introductions may wane over time in more biologically diverse, warmer montane lakes (Messner et al. 2013) . As predicted from past studies in mountain regions (Tiberti et al. 2014, Loewen and , variation attributable to the introduced predators was size-selective and marginally greater for large prey species (Fig. 3b) . Further, we found marginal evidence that fish effects were stronger for asexual (cladoceran) species; though, this result was confounded by spatial correlation (Fig. 3b) . A possible explanation for greater influence of fish on asexual zooplankton is their swimming behaviour and predatory escape response. For instance, Daphnia spp. (which are cyclically parthenogenetic) are conspicuous to visual zooplanktivores and more easily captured than obligate sexual (copepod) species. Our findings reveal the historical legacy of fish stocking in North America, suggesting that despite marked impacts to many species-poor alpine communities (Knapp et al. 2001, Loewen and , widespread introductions to mountain lakes have exerted less influence on macrospatial zooplankton variation than climate or other local sources of environmental heterogeneity.
As a quantitative synthesis of historical data, our study provides unique insights into the hierarchy of climatic, terrestrial-aquatic habitat coupling, human perturbation, and connectivity factors contributing to zooplankton diversity at a macroscale. Further, the complex topography and environmental heterogeneity of the North American Cordillera offers a novel venue for evaluating key macroecological drivers. Human-impacted land cover (e.g. agricultural and urbanized lands), which is of critical relevance globally, had little influence on community variation in our study because mountain headwaters are largely undeveloped and most are in protected areas. In contrast, the demonstrated sensitivity of mountain zooplankton to the direct and covarying effects of climate and local environmental heterogeneity, combined with the relative absence of confounding human activities and dispersal impediments, bode well for these communities being responsive bioindicators of climate change. In particular, certain functional groups may be more sensitive than others. Here, spatial variation among larger sexual species appears relatively more related to temperature, and yet also more constrained by connectivity -highlighting how these important conduits of energy transfer to higher trophic groups (i.e. fish) are at greater risk under a warming climate than are smaller asexual species that have higher colonization and reproductive potentials.
